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The Belgrade rat is an animal model of divalent metal transporter 1 (DMT1) deficiency. 
This strain originates from an X-irradiation experiment first reported in 1966. Since 
then, the Belgrade rat's pathophysiology has helped to reveal the importance of iron 
balance and the role of DMT1. This review discusses our current understanding of 
iron transport homeostasis and summarizes molecular details of DMTI function. We 
describe how studies of the Belgrade rat have revealed key roles for DMTI in iron 
distribution to red blood cells as well as duodenal iron absorption. The Belgrade rat's 
pathology has extended our knowledge of hepatic iron handling, pulmonary and olfac- 
tory iron transport as well as brain iron uptake and renal iron handling. For example, 
relationships between iron and manganese metabolism have been discerned since 
both are essential metals transported by DMTI. Pathophysiologic features of the Bel- 
grade rat provide us with a unique and interesting animal model to understand iron 
homeostasis. 
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OVERVIEW OF IRON HOMEOSTASIS 

Iron is present in hemoproteins, such as the important oxygen 
carriers hemoglobin and myoglobin, and it is a component of 
non-heme proteins that carry out other key functions in cellular 
metabolism, such as mitochondrial aconitase and ribonucleotide 
reductase. The relevance of iron lies in its ability to cycle reversibly 
between the ferrous (Fe^^") and the ferric (Fe^+) oxidation states 
(Wessling-Resnick, 1999). Free ferrous iron is a potent catalyst for 
lipid peroxidation and protein and DNA oxidation since it is able to 
react with molecular oxygen and generate reactive oxygen species 
(ROS) through Fenton chemistry (Hentze etal, 2004) Given the 
biological importance of iron and the potential for its toxicity, iron 
homeostasis is tightly regulated. 

Dietary iron is absorbed through the duodenum. Regulated 
pathways of iron excretion do not appear to exist, and therefore 
regulation of iron absorption is critical to maintain iron bal- 
ance. Iron reaches the liver by portal circulation, where it can 
be stored until needed or delivered through systemic circulation 
to peripheral tissues. A significant amount of iron is transported 
to the bone marrow where erythropoiesis takes place. Senescent 
red blood cells (RBCs) are phagocytosed by reticuloendothelial 
macrophages, which catabolize iron from heme to be recycled 
and used for new RBC synthesis. This recovery is highly effi- 
cient so that most of the body iron is usually found in circulating 
hemoglobin within erythrocytes (Wessling-Resnick, 2000; Hentze 
etal, 2004). 

Duodenal absorption of iron begins at the apical membrane of 
enterocytes, where the reduction of Fe^+ to Fe^+ is carried out 
by DcytB and possibly other ferrireductases (McKie etal., 2001; 
Mackenzie and Garrick, 2005). Then, iron is transported into the 
cell through its primary importer DMTI [divalent metal trans- 
porter 1; SLC11A2 (solute carrier family 11, member 2); DCTl 
(divalent cation transporter 1)]. Once iron enters the cell it may 
be stored in ferritin, a protein complex constituted by heavy and 



light chains that is able to store up to 4500 iron atoms (Harrison 
and Arosio, 1996). Iron can also be immediately exported from 
the cell by ferroportin [Fpn; SLC40A1; MTPl (metal transporter 
protein 1)], which is located in the basolateral membrane of ente- 
rocytes (Abboud and Haile, 2000; Donovan etal., 2000; McKie 
et al., 2000). The ferroxidase hephaestin mediates its conversion to 
the ferric state before it is released and bound by serum transferrin 
(Tf; Wessling-Resnick, 2006). Figure 1 summarizes the elements 
involved in this process. 

At the site of liver iron storage, hepatocytes take up iron through 
two distinct pathways. Tf-bound iron is taken by the Tf cycle 
(Figure 2). In this pathway, iron-loaded Tf binds to its receptor 
on the cell surface at neutral pH. After binding, the complex is 
internalized by receptor-mediated endocytosis, entering an endo- 
somal compartment that is acidified by a proton pump. This 
acidification enables release of iron from Tf and its subsequent 
transport out of the endosome through DMTI. Subsequently, 
the apo-Tf-Tf receptor (TfR) complex returns to the cell sur- 
face to dissociate at neutral pH (Dautry-Varsat et al, 1983). There 
are two TfRs that have been characterized: TfRl is ubiquitously 
expressed while TfR2 is only expressed in certain tissues, including 
the liver. Hepatocytes are also capable of importing non-Tf-bound 
iron (NTBI), which accumulates in circulation during iron load- 
ing conditions such as hereditary hemochromatosis. Although 
DMTI might be one route for NTBI uptake (Shindo et al, 2006), 
a member of the SLC39 ZIP family called Zip 14 may play a more 
important role in this process (Liuzzi etal., 2006; Nam etal, 
2013; Wang and Knutson, 2013). Once inside of the cell, the 
iron can be stored as ferritin or released back into the circula- 
tion in response to deficiency conditions. The latter process is 
thought to involve iron export by ferroportin (Wessling-Resnick, 
2006). 

Because most of the body's iron is found in hemoglobin, ery- 
throcytes are especially important in iron handling. Erythroid 
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FIGURE 1 I Intestinal iron uptake. Luminal ferric iron is reduced (DcytB) at 
the apical membrane of enterocytes. Ferrous iron is then transported into 
the cell by the brush border protein DMT1. Once inside the cell, iron can 
bind to ferritin to be stored or exported across the basolateral surface by 
FPN.The ferroxidase hephaestin converts it into the ferric form. Ferric iron 
is bound by apo-Tf to circulate into the blood. 



precursors take up iron by the Tf cycle in a highly efficient manner; 
they probably lack an iron export mechanism since all the iron is 
retained by the cell, intended for hemoglobin synthesis (Andrews, 
2000). The release of iron from the endocytic compartment 
requires functional DMTl in these cells (Fleming etal, 1998). 
A ferrireductase, Steap3, acts to reduce Fe^^ to Fe^^, enabling 
transport to the cytosol (Ohgami etal., 2005). Iron entering the 
erythron goes to the mitochondria where the major proportion 
of intracellular iron metabolism takes place (Garrick and Garrick, 
2009). 

Although iron homeostasis mainly relies on the control of 
iron efflux from duodenal enterocytes and iron reutUization by 
macrophages balanced by the demands of heme synthesis by RBCs, 
increasing data suggest that the kidney could also be involved 
in systemic iron handling (Moulouel etal., 2013; Veuthey etal., 
2013). DMTl is found at the apical membrane of renal tubular 
cells (Ferguson etal., 2001; Canonne-Hergaux and Gros, 2002; 
Veuthey etal, 2008). Wareing etal. (2000) demonstrated that a 
significant amount of iron is filtered at the glomerulus and the 
majority is reabsorbed along the nephron. There is evidence to 
suggest that Tf-bound iron may be filtered and reabsorbed along 
the proximal tubule following endocytosis via the megalin-cubilin 
pathway, a possible novel TfR, and/or the TfRl (Kozyraki et al., 
2001; Smith and Thevenod, 2009). These data support the hypoth- 
esis that the kidney, in addition to maintaining its self-supply, may 
also undertake iron reabsorption and thus contribute to general 



iron homeostasis (Figure 3). Furthermore, renal Fpn expression 
in proximal tubule-specific ferritin heavy chain-knockout mice is 
decreased, both in mRNA and protein levels (Zarjou et al, 2013). 
Under normal conditions Fpn was predominantly expressed in 
the apical membrane of proximal tubules, while after acute kid- 
ney injury Fpn was redistributed to the cytosol and basolateral 
membrane. This recent finding reinforces the hypothesis that kid- 
ney may be more extensively involved in iron metabolism than 
initially proposed. 

DIVALENT METAL TRANSPORTER 1 

DMTl, also known as Nramp2, DCTl, and SLC11A2, was iden- 
tified in 1997 by two groups using different approaches. Gunshin 
et al. (1997) uncovered the iron transporter by functional expres- 
sion cloning and Fleming etal. (1997) determined that defects 
in its gene were responsible for the microcytic anemia pheno- 
type of tnk mice. As outlined above, it is the major point of iron 
entry into the body. DMTl has 12 putative transmembrane (TM) 
domains. Predicted glycosylation sites in the fourth extracellular 
loop and a consensus transport motif in the fourth intracellular 
loop were defined, with both N- and C-termini determined to 
be topologically situated within the cytoplasm (Gruenheid etal., 
1995; Gunshin etal., 1997). Three negatively charged and highly 
conserved residues in TM 1, 4, and 7 of DMTl are suggested 
to be essential for cation transport. In addition, two histidine 
residues in the TM domain 6 appear critical to normal function 
(Lam-Yuk-Tseung etal., 2003). DMTl selectively imports iron in 
a pH-dependent manner and it has been described to operate as 
a H-|-/divalent cation cotransporter (symporter) but also as a H-|- 
uniporter. Another important feature is the voltage-dependent 
activity of DMTl gradient (Gunshin etal, 1997). 

Transcription of the SLC11A2 genes encoding DMTl origi- 
nates four different mRNA transcripts, called 1A/-I-IRE, lA/— IRE, 
1B/-I-IRE, and IB/— IRE. Alternate promoters determine whether 
the 5' end of the mRNA will be exon lA or exon IB (Hubert 
and Hentze, 2002). Moreover, variable 3' processing give rise to 
two transcripts that differ in the 3' -translated and untranslated 
regions (UTRs). One of the transcripts is referred as -l-IRE because 
it contains an iron-responsive element (IRE) in its 3'-UTR, while 
the other is called —IRE because it lacks that element (Lee etal., 
1998). The four transcripts encode related but distinct proteins. 
Thus, -l-IRE and —IRE encode two isoforms that differ in the C- 
terminus: an 18 amino acid residue found in the -l-IRE isoforms 
while — IRE transcripts have a 25 amino acid residue. 

The key difference between -l-IRE and —IRE transcripts is the 
fact that the presence of the IRE confers post-transcriptional reg- 
ulation by iron status. Similar to TfR regulation (Galy et al., 20 1 3), 
decreased iron supply promotes the interactions of the -l-IRE 
DMTl transcript with iron regulatory proteins (IRPs), resulting 
in the stabilization of the mRNA (Gunshin et al., 2001; Pantopou- 
los, 2004). This is one mechanism that accounts for the increased 
duodenal expression of DMTl seen under iron deficiency, thus 
promoting iron uptake (Canonne-Hergaux etal., 1999). Another 
mechanism is conferred by 5' regions flanking exon 1 A, which con- 
tain hypoxia response elements (HREs). In the intestine, HREs 
are recognized by HIF-2a to modulate DMTl expression under 
hypoxic conditions (Mastrogiannaki et al., 2009; Shah et al., 2009). 
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FIGURE 2 |The transferrin (Tf) cycle. Apo-Tf binds ferric iron. The 
resulting Holo-Tf associates with TfR located on the cell surface. The 
complex TfR-Tf-Fe is then internalized. Iron is released within endocytic 
vesicles by a process that involves endosomal acidification. Apo-Tf 
remains bound to its receptor in the endosome and this receptor 



complex recycles back to the cell surface. Ferric iron is reduced in the 
endosome (Steap3), and then released into the cytosol by DMT1. The 
G185R mutation of the Belgrade rat produces DMTl that is defective in 
this step, thus some iron remains bound to Tf and recycles back with 
the receptor. 



The isoforms also differ in the sites of expression. Whereas the 
IB isoform is ubiquitous, the lA isoform appears to be tissue- 
specific. Expression of DMTl lA isoform in duodenal enterocytes 
has been reported by several authors, with a gradient of expres- 
sion from the proximal to distal small intestine (Gunshin etal., 
1997; Canonne-Hergaux etal., 1999). The kidney is the tissue 
with second highest expression of the lA isoform mRNA of DMTl 
(Hubert and Hentze, 2002). On the other hand, both +IRE and 
—IRE isoforms are expressed in many tissues such as liver, lung, 
brain, and thymus (Gunshin etal., 1997; Hubert and Hentze, 
2002). 

As the name implies, DMTl is able to transport a broad spec- 
trum of divalent metals, although its affinity for Fe^^" is much 
higher than for other metals (Mackenzie and Hediger, 2004). Man- 
ganese, in particular, possesses many physicochemical properties 
similar to iron, and both metals have been shown to compete 
in membrane transport processes such as intestinal absorption 
(Thomson etal., 1971; Rossander-Hulten etal., 1991) and uptake 
by erythroid cells (Morgan, 1988; Chua etal, 1996). Like iron, 
manganese is an essential nutrient, and exogenous expression 
studies (Conrad et al., 2000; Garrick and Dolan, 2002), and more 
recent molecular studies (Roth and Garrick, 2003; Thompson 
et al, 2007b; lUing et al, 2012; Kim et al, 2012) have documented 
a role for DMTl in manganese uptake as well as iron trans- 
port. Unlike iron deficiency, hypomanganesemia is rare. However, 
manganese loading or manganism can be caused by excess metal 



exposure resulting in a Parkinson-like disorder. Loading of this 
metal is not typically associated with ingestion since hepatic first- 
pass elimination provides an important protective mechanism 
against potential toxicity. Since intake of airborne Mn^+ bypasses 
the biliary excretion route, distribution of metal directly to the 
brain can occur, promoting neurotoxicity. Several studies have 
demonstrated a strong relation between high levels of manganese 
and impaired behavior (Yamada etal., 1986; Tran etal., 2002). 
The role of DMTl not only in iron pathophysiology but also in 
manganese toxicity will be discussed below. 

THE BELGRADE RAT 

Belgrade (b) rats were described for first time in 1966 as offspring 
of an X-irradiated albino rat in Belgrade, Yugoslavia (Sladic-Simic 
et al., 1966). No differences were observed in litters of El genera- 
tion. When the female was bred with a normal male, 1 1 apparently 
normal rats were born, four of which died young. Of the seven 
remaining, two pairs were mated, producing anemic rats in the E2 
generation. In subsequent filial generations anemic rats were also 
seen, suggesting that offspring were heterozygous for a recessive 
mutation that caused anemia. 

The newborn anemic rats were pale, with growth retarda- 
tion compared to normal littermates. Peripheral blood smears 
showed marked microcytosis, anisocytosis, and poikilocytosis that 
increased with age. The mean value for erythrocytes in the periph- 
eral blood was significantly decreased and a progressive decline in 
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FIGURE 3 I Hypothetical model of renal iron handling. Filtered Tf-Fe Is 
reabsorbed In proximal tubule cells by receptor-mediated endocytosls. 
Potential receptors Include cubllln-megalln complex, a possible novel Tf 
receptor (TfR), andTfRI. Reabsorptlon of Iron bound to a chelator (LCN2) 
has also been described, although the receptor Involved Is less clear. 
Alternatively, ferrous Iron Is directly Imported Into the cell by DMTl. 



Although several features of the model are not completely known. It has 
been postulated that Iron complexes could be endocytosed. Once In the 
endosome. Iron would be reduced and released Into the cytosol by 
endosomal DMTl. Finally, ferrous Iron Is exported by FPN located In the 
basolateral membrane; an apical distribution has been noted under 
conditions of renal failure. 




FIGURE 4 I Belgrade rat. A b/b rat pup (foreground) and heterozygous +/b 
llttermate are shown at post-natal day 10. Image courtesy of Dr. Xuming JIa. 



hemoglobin values occurred with age (Sladic-Simic etal., 1966). 
Adult b/b rats are distinguished by lower body weight than +/b 
rats (Thompson et al., 2007a), and characterized by pinkish retinal 
reflex and white ears, in contrast with the bright red of +/b animals 
(Ivanovic, 1997). Anemia was also accompanied by a decrease in 
platelets count and leukocytosis (Ivanovic, 1997). 

In the spring of 1967, a colony of these rats was brought to the 
U.S. and established in New York (Sladic-Simic et al., 1969). It was 
maintained by crossing Belgrade males with Wistar female rats. 
Then, the Fl heterozygous females were back-crossed to homozy- 
gous anemic males; some rats from the F2 generation exhibited an 



anemic condition similar to that described in Belgrade rats. The 
appearance of the phenotype in F2 generations was compatible 
with a single autosomal recessive character, as previously demon- 
strated in Belgrade (Sladic-Simic etal, 1969). This genetic factor 
was designated as b and the homozygous anemic Belgrade rats 
were called b/b (Figure 4). 

It was nearly 30 years after the discovery of these rats that 
detailed genetic characteristics of Belgrade rats were ascertained. 
A glycine-to-arginine substitution (G185R) in the fourth TM 
domain of DMTl was reported, resulting in loss of activity of 
the transporter (Fleming et al., 1998). Remarkably, it was the exact 
same mutation reported for mk mice that led to the identification 
of DMTl (Fleming etal., 1997). Despite the fact that increased 
transcript levels are induced by iron deficiency, relative amounts 
of protein are reduced (Oates etal, 2000; Yeh etal., 2000; Fergu- 
son et al., 2003), and the function of residual DMTl maybe altered 
(Yeh etal, 2000; Touret etal, 2004; Xu etal, 2004). Work on the 
Belgrade rat defined a key role for DMT 1 not only in intestinal iron 
absorption, but also in the Tf iron delivery cycle. In fact, Belgrade 
rats can display high serum iron due to ineffective erythropoiesis 
(Thompson et al., 2006). 

Since the iron imbalance of b/b rats became known, many 
attempts were made to relieve the anemia, extend lifespan and 
improve husbandry of the Belgrade rat. Iron supplementation by 
iron-dextran injections was first tested, but although the anemic 
state was improved, tissue iron deposition was observed (Gar- 
rick etal., 1997). Iron supplementation by diet turned out to be 
more beneficial since it improved anemia without alteration in 
red cell morphology. Although in both cases iron treatment raised 
hemoglobin values, levels remained lower than control (Sladic- 
Simic etal., 1966). Later on, it was reported that the critical 
nutritional factor would be the source of iron, given that ferrous 
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iron was more bioavailable than ferric iron (Sladic-Simic etal., 
1969;Garricketal., 1997). 

CHARACTERISTICS OF BELGRADE RAT ERYTHROID CELLS 

The complexity of iron metabolism in Belgrade rats triggered 
many questions about the mechanism underlying the impaired 
utilization of iron. Since the anemia of b/b rats resembled tha- 
lassemia in humans, first thoughts were focused on possible 
differences of hemoglobin characteristics. It was demonstrated 
that reticulocyte globin synthesis was diminished in b/b rats 
although no major imbalance between a- and P-chain produc- 
tion was observed (Edwards etal., 1978). A lack of sideroblasts 
was also observed in b/b rats, indicating that iron was not accu- 
mulated within erythroid cells (Edwards et al., 1978). This finding 
suggested a defect in iron transport into the erythroid cells rather 
than a defect in intracellular utilization. To consider the possibility 
that Belgrade rats harbored a defect in heme synthesis, iron incor- 
poration into heme was inhibited. Iron uptake by reticulocytes 
became diminished with no evidence of intra-erythrocyte iron 
accumulation in b/b rats compared to controls (Edwards etal., 
1978). These data suggested that Belgrade anemia was probably 
not due to a defect in heme synthesis. The same authors were ulti- 
mately able to demonstrate that the main defect related to iron 
utilization in b/b rats lies in a significantly lower reticulocyte iron 
uptake compared to +/b controls. 

Each step in the iron uptake mechanism by reticulocytes was 
studied in detail to decipher the underlying cause of Belgrade ane- 
mia (Bowen and Morgan, 1987). When receptor interactions were 
evaluated, Tf binding affinities between b/b and control reticu- 
locytes were found to be similar. The Tf molecule itself had the 
same molecular weight and net charge compared to Wistar rat Tf 
(Farcich and Morgan, 1992b). Studies on Tf endocytosis showed a 
slower mechanism in Belgrade reticulocytes, although the relative 
decrease was not as great as the defect in iron uptake. In addition, 
Tf exocytosis rate was similar between Belgrade and control reticu- 
locytes, although b/b cells released more iron with Tf than control 
cells (Bowen and Morgan, 1987). In fact, a significant proportion 
of the iron taken up by b/b reticulocytes returned to the extra- 
cellular medium, concordant with reduced iron accumulation. 
These early studies clearly indicated that Belgrade reticulocytes 
were defective in iron release after uptake by Tf within endocytic 
vesicles such that if iron was released, it was unable to pass through 
the endocytic vesicle membrane to the cytoplasm (Bowen and 
Morgan, 1987; Figure 2). 

Garrick etal. (1993b) focused on the Tf cycle to more defini- 
tively demonstrate that b/b reticulocytes retained only half of iron 
borne by incoming Tf, while around 90% of iron that entered to 
normal cells remained intracellular. This evidence confirmed that 
ineffective iron utilization by b/b reticulocytes contributes to the 
Belgrade defect. Furthermore, when heme synthesis was inhibited, 
iron from Tf failed to accumulate in the stromal (mitochondrial) 
fraction or in the non-heme cytosolic fraction (Garrick etal., 
1993a). These studies reinforced the idea that the Belgrade defect 
was related to iron release from Tf or its transport from endo- 
cytic vesicles. The significantly lower uptake of iron by erythroid 
precursors most likely contributes to the increased Tf saturation, 
serum total iron-binding capacity (TIBC) and serum iron levels 



reported in b/b rats (Thompson etal., 2006). It was also reported 
that Belgrade reticulocytes have only about half the amount of 
globin mRNA compared to normal cells, suggesting some sort of 
a translational defect (Chu et al., 1978). Given that heme regulates 
mRNA translation in reticulocytes, the failure in this process could 
be explained because b/b reticulocytes contain about 40% of "free" 
heme compared to +/b cells (Garrick etal, 1999b). 

Non-Tf-bound iron uptake by erythroid cells was also char- 
acterized in Belgrade rats (Garrick etal, 1999a). NTBI uptake 
differed from Tf-Fe uptake in the pattern of iron distribution 
between subcellular fractions. Moreover, b/b cells only incorpo- 
rated 20% of the NTBI compared to +/b cells, a fraction similar to 
the residual levels found for Tf-Fe utilization. The results strongly 
suggested that DMTl could also play a key role in NTBI acquisi- 
tion into heme, as well as in iron transport out of endosomes in 
the reticulocyte Tf cycle. Since the relationship between iron and 
manganese transport was recognized many years ago, the abnor- 
mal iron metabolism seen in erythroid cells of b/b rats elicited 
interest to determine if manganese transport was also affected. 
Three manganese transport mechanisms have been identified in 
reticulocytes, one for Mn-Tf and two for the unbound divalent 
cation Mn^+, one of low and the other of high affinity (Chua 
etal., 1996). Impaired manganese uptake from Tf and defective 
import via the high affinity Mn^+ transport were both observed 
in Belgrade reticulocytes. These findings strongly supported the 
idea that these two pathways utilize the same transporter (Chua 
and Morgan, 1997). 

Several studies sought to gain deeper insight into hematopoi- 
etic function in Belgrade rats. Homozygous rats display decreased 
general cellularity in bone marrow than normal rats. For exam- 
ple, early and late erythroid progenitors (BFU-E and CFU-E; 
Pavlovic-Kentera etal., 1989), granulocyte-monocyte progenitors 
(Stojanovic et al, 1990), and megakaryocyte progenitors (Rolovic 
etal., 1991) are significantly diminished. In addition, intensive 
splenic hematopoiesis has been described in b/b rats, indicated 
by increased iron uptake by spleen, expression of erythroid dif- 
ferentiation markers and elevated erythropoietin serum levels 
(Pavlovic-Kentera etal., 1989; Biljanovic-Paunovic etal., 1992; 
Ivanovic, 1997). Indeed, while 42-day-old +/b rats have a spleen 
weight fraction of 0.32 ±0.1, age- and diet- matched b/b rats have 
a spleen weight fraction of 1.50 ± 0.13 (both values are % body 
weight; n = 3-4; _P < 0.05; J. Kim and M. Wessling-Resnick, 
personal observations). 

DUODENAL ABSORPTION OF IRON AND MANGANESE 

Early studies by Morgan's group (Farcich and Morgan, 1992a) 
demonstrated reduced intestinal iron absorption by Belgrade 
rats, a key finding supported by later work from several groups 
under different experimental conditions (Rnopfel etal., 2005b; 
Thompson et al., 2007a). Since duodenal iron absorption is highly 
regulated by iron status, Morgan and colleague also characterized 
absorption by Belgrade rats fed diets of normal, low, and high iron 
content (Gates and Morgan, 1996). While duodenal iron uptake 
in control +/b rats varied inversely with iron intake, b/b rats failed 
to show changes under iron loading or iron deficiency. It was later 
shown that a bolus of dietary iron could induce a rapid decrease 
in intestinal DMTl mRNA in +/b and b/b rats (Yeh etal, 2000). 
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In addition, this study showed that b/b rats had generally higher 
basal protein levels of DMT 1 . It was also observed that b/b rats have 
lower duodenal DMTl protein than expected based on the higher 
mRNA levels, possibly due to impaired release of the mutant pro- 
tein from its site of synthesis or accelerated degradation (Morgan 
and Oates, 2002). Finally, TfR gene expression and Tf-bound iron 
uptake by duodenal enterocytes also has been investigated in the 
Belgrade rat. TfRl mRNA expression in b/b epithelial cells of the 
crypt region and crypt-villus junction and '^^I-labeled Tf uptake 
in b/b villus cells were both similar to Wistar rats, while uptake was 
significantly greater in b/b crypt cells (Oates etal., 2000). These 
observations suggest that uptake of Tf by enterocytes is largely 
independent of DMTl 's activity, while it remains unknown if iron 
delivery by Tf to these intestinal cells might be affected in the 
Belgrade rat. 

Molecular studies on the G185R mutant of DMTl have shown 
that transfected cells will target the protein product to the plasma 
membrane and endosomes although levels are lower than wild- 
type at the cell surface (Su etal., 1998; Touret etal., 2004). These 
studies have suggested the mutant has reduced residual activity. 
Whether the Belgrade rat survives on this reduced activity, or if 
some other mechanism compensates for iron absorption has been 
studied (Yeh et al., 201 1). Gene expression studies showed HIF-2a 
expression was increased in b/b rats compared with -|-/-|- rats with 
greater expression in the villus compared to crypt, a response that 
correlated with the presence of hypoxic protein adducts. Under 
hypoxic conditions, compounds as nitroimidazole or some of its 
derivatives, enter viable cells and interact with thiol groups of 
intracellular proteins thus forming the adducts. Under normal 
oxygen levels the compounds are reoxidized and diffuse out of the 
cells. 

Moreover, most of the genes whose protein products are 
responsible for duodenal iron transport were up-regulated. One 
factor that did not increase was ZIP 14, suggesting that it is unlikely 
to compensate for iron absorption (Yeh et al. , 20 11 ) . There may be 
other parallel uptake pathways for iron, however. This idea is sup- 
ported by studies of neonatal iron assimilation in Belgrade pups. 
After administration of ^^Fe to lactating foster dams, total levels 
of assimilated ^^Fe between suckling b/b and +/b pups were not 
different. However, the examination of blood compartments in 
b/b pups showed elevated iron levels in serum and reduced levels 
in RBCs compared to +/b siblings. Tissue iron distribution was 
significantly higher in heart, kidney, liver, spleen, and intestine 
in homozygous pups (Thompson et al., 2007a). Thus, during lac- 
tation iron absorption occurs normally, but delivery to red cells 
is impaired in b/b rats causing apparent iron loading in other 
peripheral tissues. Later on, iron absorption is impaired in adult 
Belgrade rats as discussed above. Thus, DMTl does not appear to 
play a significant role in iron assimilation during lactation, but a 
developmental transition to DMTl -mediated iron uptake occurs 
as food intake begins. What factors mediate iron absorption in 
early development remain to be better characterized, but may pro- 
vide some clues to additional mechanisms that could compensate 
for the intestinal uptake defect in the Belgrade rat. 

Belgrade rats have also been used to study duodenal trans- 
port of manganese and the role of DMTl. Chua and Morgan 
(1997) evaluated manganese absorption from the intestine using 



closed in situ loops of duodenum and distinguishing between 
uptake, transfer, and absorption. Manganese uptake was decreased 
in b/b rats compared to +/b rats. Although manganese trans- 
fer from the duodenum into the carcass was similar in both 
genotypes, the percentage of absorption in homozygous rats was 
significantly low. Hence, the primary defect appears to be the 
absorption step responsible for the uptake of manganese from 
the gut lumen implicating DMTl in this process. Indeed, stud- 
ies from our own laboratory have indicated that Belgrade rats 
have lower blood manganese levels, supporting the idea that they 
have manganese as well as iron deficiency. Levels of manganese 
are 14.6 ± 2.3 versus 8.1 ± 1.2 ng/g blood in +/b versus b/b rats 
(±SEM, n= 7, P = 0.0029; J. Kim and M. Wessling-Resnick, 
personal observations). 

HEPATIC HANDLING OF IRON AND MANGANESE 

Iron accumulation in tissues of b/b rats after parenteral iron 
administration was reported early on in the characterization of 
the Belgrade phenotype (Sladic-Simic etal., 1969). In fact, this 
feature defect resembled thalassemia, an iron-loading anemia. 
When the first human mutations in DMTl were discovered (Mims 
etal, 2005; Beaumont etal, 2006; Lam-Yuk-Tseung etal, 2006), 
patients were found to suffer not only from anemia but also 
from hepatic iron overload. It was suggested that rodent mod- 
els of DMTl deficiency did not display iron overload since heme 
iron was not present in chow, and that the human condition 
might be caused up-regulation of heme absorption. Our labora- 
tory investigated this issue in the Belgrade rat model (Thompson 
et al., 2006). First, female +/b rats crossed with male b/b rats were 
fed an iron-supplemented diet (500 ppm) to support pregnancy. 
After birth, litters were cross-fostered to F344 Fischer dams fed 
a standard diet, and upon weaning both +/b and b/b pups were 
fed an iron-supplemented diet 3 weeks. To control for the ane- 
mic status of the Belgrade rats, +/b rats are fed a low iron diet 
(5 ppm) under our laboratory's husbandry protocol (Figure 5). 
Despite the anemic state of b/b rats, liver non-heme iron con- 
tent was greater compared with age-matched (and diet-matched) 
+/b sibling controls. Perl's Prussian blue staining showed iron 
deposition was evident in both periportal and centrilobular zones. 
In contrast, no iron staining was observed in age-matched +/b 
rats (Thompson etal., 2006). This pattern of liver iron deposi- 
tion suggested that the primary defect in erythron iron utilization 
seen in homozygous rats leads to liver iron loading. Consistent 
with this idea, the Belgrade rats also display higher serum iron 
levels (Kim etal., 2013). These data argue that the liver can 
acquire iron independent of DMTl, in agreement with previ- 
ous studies that showed iron-loading in DMTl knockout mice 
(Gunshin etal, 2005). The high hepatic expression of Zipl4 - 
which is up-regulated by high iron (Nam et al., 2013) - raises the 
likelihood that this transporter is responsible. Interestingly, quan- 
titative real-time RT-PCR analysis showed hepcidin expression 
was threefold higher in b/b compared to +/b littermates (Thomp- 
son etal., 2006), consistent with studies showing that hepcidin 
expression increases with liver iron loading despite severe anemia 
(Vokurka etal., 2006). Yeh etal. (2011) have also reported hep- 
cidin expression increases in iron-fed b/b rats. Thus, the Belgrade 
rat's inability to take up adequate iron might be compounded 



Frontiers in Pharmacology | Drug Metabolism and Transport 



April 2014 I Volume 5 | Article 82 | 6 



Veuthey andWessling-Resnick 



The Belgrade rat 



Breeders 

Birth 
Transfer 



Weanlings 
(3 weel<s) 



6 weel<s 



+/b female 


X 


b/b male 






+/b and b/b pups 




postnatal day (PND) 6 


Lactating Fischer 344 dams to cross-foster pups 




2-3 weeks 


i 


1 



b/b rats 



+/b rats 



500 ppm 



b/b Belgrade 
rats 



+/b rats 



+/b Diet- 
matched Rats 



5 ppm 



+/b Anemia- 
matched Rats 



FIGURE 5 I Breeding and maintenance of the Belgrade rat. 



Iron supplemented 
diet (500 ppm) 



Regular chow 
(220 ppm) 



Genotyping 



Three matched 
cohorts 



by hepcidin's down-regulation of ferroportin, the basolateral iron 
exporter. Recent studies in mice with the Dmtl gene selectively 
inactivated in hepatocytes reinforce the idea that hepatic DMTl 
is dispensable for NTBI uptake, although they also showed unaf- 
fected hepatic iron levels in these mice, suggesting that DMTl 
is also not essential for hepatic iron accumulation (Wang and 
Knutson, 2013). 

Manganese as well as iron content is altered in liver of Bel- 
grade rats. It has been reported that the concentration and total 
content of manganese in liver is significantly less in b/b rats com- 
pared to +/b rats (Chua and Morgan, 1997). As discussed above, 
intestinal manganese absorption is diminished in Belgrade rats. 
Interestingly, a significantly higher uptake of ^''Mn into liver was 
observed when it is administered as Mn-Tf or Mn-serum (Chua 
and Morgan, 1997). The difference between iron and manganese 
metabolism is that whUe iron is retained, and therefore might 
accumulate due to ineffective erythroid uptake, excess manganese 
is rapidly cleared by the liver (Papavasiliou etal., 1966). The fact 
that hepatic uptake is increased suggests the liver import mech- 
anisms of these two metals once again overlap: up-regulation of 
Zip 14 or another transporter might induce this effect. 

RENAL IRON HANDLING 

Despite the high renal expression of DMTl, we only have a min- 
imal understanding of its function in this tissue. Studies of the 
renal physiology of Belgrade rats have helped to shed some light. 
Analysis of renal DMTl mRNA showed the same transcript size in 
b/b and +/b rats, without changes in levels of mRNA expression 
between genotypes (Ferguson etal., 2003). Expression of DMTl 
protein is reduced in the kidneys, but this might be expected since 
protein levels do not generally reflect transcript levels. Reduced 
immunostaining for DMTl was not specific for a region, since 
it is observed in proximal, distal, and collecting tubules. Once 
again, these observations indicate that the mutation may accelerate 
DMTl degradation or cause defective posttranslational processing 
(Ferguson etal., 2003). 



General tissue disorganization and abnormal morphology of 
cortical tubules of the Belgrade rat kidney was first noted by 
Ferguson etal. (2003). A later study from our group described 
glomerulosclerosis and interstitial sclerosis in b/b rats upon aging, 
with fibrosis in glomeruli and areas of tubulointerstitial fibrosis 
(Veuthey etal., 2013). Tubular dilation with flattened epithelium 
in some cortical tubules and occlusion of the luminal space in other 
cases was observed. Although serum creatinine appears normal in 
b/b rats, creatinine clearance was significantly reduced suggesting 
a decrease in the glomerular filtration rate. Moreover, elevated 
urinary albumin in b/b compared to +/b rats has been reported 
by us (Veuthey etal, 2013), suggesting damage in the glomerular 
membrane (Satchell and Tooke, 2008). Since albumin is normally 
reabsorbed in the tubular system, the evidence suggests that the 
increased tubular burden of albumin could be associated with 
progressive interstitial fibrosis and tubular damage (Eddy, 1994; 
Jerums et al., 1997; Wang and Hirschberg, 2000). 

A detailed measurement of several electrolytes has been carried 
out in feces, serum, and urine of Belgrade rats (Ferguson etal., 
2003). Fecal excretion of almost all tested ions was similar between 
b/b and +/b animals, except for Fe^+, which was higher in b/b 
rats. In addition, serum levels of electrolytes showed high Mg^^" 
and decreased K+ in b/b compared to +/b rats. Urinary analysis 
revealed higher Ca^+ levels but without changes in Fe levels. This 
last finding differs from studies of the Belgrade rat in our lab that 
show higher urinary iron output; the age of rats that were studied 
could be one factor accounting for this difference since kidney 
function worsens with age in Belgrade rats (Jia et al., 2013; Veuthey 
etal., 2013). The fact that more iron is excreted in b/b rat urine 
could result from the altered glomerular membrane function, but 
also from loss of tubular reabsorption. Evidence suggests that both 
pathways could be affected in b/b rats (Veuthey et al, 2013). Since 
tubular uptake of Fe^+ bound to Tf seems to be mediated by 
cubilin, the high urinary Tf seen in b/b together with the absence 
of changes in cubilin suggest that tubular reabsorption of Tf is not 
affected. 
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Another interesting finding related to the renal pathology was 
the premature death of homozygous Belgrade rats. We observed 
that several early urinary biomarkers of renal injury were altered 
b/b rats, pointing to a kidney defect (Veuthey etal., 2013). The 
evaluation of early renal development in b/b pups by the radial 
glomerular count (RGC) method supports the idea that limited 
iron supply during early life could affect renal development in 
adults leading to injury and even death from renal failure (Drake 
etal., 2009; Veuthey etal., 2013). Maternal iron restriction dur- 
ing pregnancy has been previously documented to induce altered 
renal morphology in adult offspring (Lisle etal., 2003). Nephron 
number is set early in life and does not increase (Al-Awqati and 
Preisig, 1999). Our RGC study of nephrogenesis indicated that b/b 
pups have decreased nephron allotment. Brenner et al. (1996) have 
put forward the hyperfiltration hypothesis that these early devel- 
opment defects explain compromised renal metabolism observed 
in adulthood. Adaptive activity of remnant nephrons would need 
to maintain glomerular filtration. Over time, increased glomeru- 
lar pressure promotes fibrosis and sclerosis to produce glomerular 
injury. Such injury leads to further nephron loss, thereby contin- 
uing a vicious cycle that finally decreases the glomerular filtration, 
ending in renal damage and poor kidney function. 

RESPIRATORY AND OLFACTORY UPTAKE 

Due to the nature of its transport and metabolism, airborne man- 
ganese promotes neurotoxicity upon its distribution to the brain. 
Inhalation exposures to manganese pose a significant occupational 
health risk to welders, for example, who are exposed to fames 
containing iron, chromium, manganese, aluminum, nickel, and 
cadmium. Within these mixtures are multiple transport substrates 
for DMTl. Our laboratory was interested in the potential role 
DMT 1 played in this process due to the fact this pathway would be 
up-regulated during iron deficiency. "Iron-responsive manganese 
uptake" would exacerbate the neurotoxicity of airborne metal. 
Here, the Belgrade rat was used as a model system, with cohorts 
of homozygous, heterozygous, and anemic heterozygous controls 
(Figure 5). Uptake of intranasally instilled ^*Mn was markedly 
reduced in b/b rats compared to iron-replete +/h rats (Thompson 
etal., 2007b). Enhanced ^*Mn absorption was observed in iron- 
deficient +/b controls relative to both b/b and iron-replete -|-/b 
rats. In contrast, ^*Mn clearance from blood to peripheral tissues 
showed the same pharmacokinetics for intravenously injected b/b, 
+/b and iron-deficient +/b rats. The sum of this pharmacokinetic 
data supports a functional role for uptake of DMTl in manganese 
uptake by the olfactory pathway. Immunohistochemistry revealed 
that DMTl was associated with the microvilli of the olfactory 
epithelium and the endfeet of olfactory epithelial sustentacular 
cells. Most importantly, DMTl levels in the olfactory epithelium 
were significantly greater in iron-deficient rats. Finally, the fact that 
total levels of Mn in brain of intranasally instilled rats were 10-fold 
higher than in intravenous injected animals directly demonstrates 
that inhalation promotes greater brain manganese uptake. Thus, 
the apparent function of DMTl in olfactory Mn absorption sug- 
gests that manganese neurotoxicity can be modified by iron status 
due to the iron-responsive regulation of DMTl. Subsequent stud- 
ies of the Belgrade rat also showed that lack of DMTl can affect the 
absorption of iron from the nasal cavity to the blood and finally 



to the brain (Ruvin Kumara and Wessling-Resnick, 2012), further 
localizing iron-regulated DMTl expression in the olfactory bulb, 
too. 

The Belgrade rat also has been used to investigate whether 
DMTl plays a role in uptake across the pulmonary epithelium 
of the lungs. Previous investigation by others showed the Bel- 
grade rat has reduced clearance of iron (Wang et al., 2002). In our 
intratracheal instillation experiments, the transport of ^"^Mn to 
the blood was unaltered (Brain etal., 2006). However, studies of 
the Belgrade rat do suggest that DMTl is involved in pulmonary 
inflammation (Wang et al., 2005; Kim et al., 2011) as well as metal- 
induced injury (Ghio et al., 2005, 2007), emphasizing an important 
detoxification pathway that can transport and sequester metals in 
the lungs after inhalation exposures. Using the Belgrade rat model, 
Ghio and colleagues demonstrated that ozone-induced lung injury 
was dependent on DMTl and that the transporter could modify 
oxidative stress responses. Lipopolysaccharide (LPS) also has been 
shown to induce DMTl (Nguyen etal, 2006), supporting that 
idea that under infection and inflammation, it functions to take 
up and sequester metals as a protective host response. The net 
effect of such alterations would be to reduce levels of manganese 
available in the lung to limit survival of pathogens like S. pneu- 
monia and to help protect the lungs from inflammation due to air 
pollution and other irritants. 

THE BLOOD-BRAIN BARRIER 

Brain metal homeostasis is critical to cognitive development, 
behavior, and motor control. Excess iron and manganese are also 
associated with neurodegeneration, for example, in Alzheimer's 
and Parkinson's disease patients. Belgrade rats have been used 
to study transport of iron and manganese across the blood- 
brain barrier. Iron content in brain seems to vary depending 
on the age of b/h rats. Similar levels were reported for b/h and 
+/b pups, while significantly lower levels were seen in 21 -day- 
old h/b rats compared to -\-/h age-matched controls (Thompson 
etal., 2007a). Burdo etal. (1999) performed a detailed analy- 
sis of iron distribution in brain of Belgrade rats. Cortical gray 
matter showed iron-positive astrocytes in brain of both h/b and 
+/b rats, although fewer cells were stained in the Belgrade rat 
cohort. Iron was also observed in pyramidal neurons, but they 
were fewer in number and less intensely stained than in +/b 
rats. In white matter of rats, iron was present in patches 
of intensely iron-stained oligodendrocytes and myelin, while the 
same pattern of expression was seen but with dramatically less 
intensity in homozygous rats. In addition, the stained oligoden- 
drocytes were associated with blood vessels. The general decrease 
in iron staining observed in b/h rats compared to +/h is consistent 
with the decreased Tf and iron uptake into the brain previously 
reported for Belgrade rats (Farcich and Morgan, 1992a). Loss of 
neuronal iron staining in brain of h/b agrees with the finding that 
DMTl mRNA is mainly expressed in these cells (Gunshin etal., 
1997). 

Early in 1992, impaired iron uptake by h/b rat brain was 
reported, although at that time the details of this mechanism were 
not clear (Farcich and Morgan, 1992a). Later on, it was estab- 
lished brain uptake of Tf-bound iron was decreased in young and 
adult b/h rats compared to -\-/h control rats, while Tf uptake was 
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similar between both cohorts (Moos and Morgan, 2004). These 
authors also reported significantly lower iron content in brain of 
b/b rats together with higher expression of neuronal TfRl, con- 
firming the iron-deficient stage of homozygous rats. By looking at 
the brain capillary endothelial cells (BCECs) involved in the trans- 
port trough the blood-brain barrier, TfR expression appeared to 
be identical. DMTl was mainly detected in the cytoplasm of neu- 
rons and choroid plexus epithelial cells, but was not detected in 
BCECs (Moos and Morgan, 2004). 

Based in that study, it has been proposed that neurons could 
acquire iron by receptor-mediated endocytosis of Tf, followed by 
iron transport out of endosomes mediated by DMTl. In Belgrade 
rats, the mutation on DMTl could explain the low cerebral iron 
uptake, suggesting that it is due to a reduced neuronal uptake 
rather than an impaired transport trough the blood-brain bar- 
rier. For manganese, however, the story is much less clear. Uptake 
of intravenously injected ^*Mn into the brain was similar for 
b/b and +/b rats, while iron-deficient +/b controls took up less. 
Since presumably both TfR and DMTl would be up-regulated 
in the latter cohort, these data suggest the pathway for man- 
ganese may be different than iron uptake into the brain. This 
evidence agrees with previous reports that DMTl is not involved 
in the blood-brain transport of manganese (Crossgrove and Yokel, 
2004). 

LIPID METABOLISM 

Belgrade rats also exhibit pathological changes in lipid 
metabolism. Homozygous b/b rats display hypertriglyceridemia 
and elevated free fatty acids compared to +/b rats, without signif- 
icant changes in cholesterol levels (Kim etal, 2013). Lipoprotein 
triglycerides (TGs) are associated with very low density lipopro- 
tein (VLDL). Since hepatic TG levels were similar in b/b and 
+/b rats, higher serum TG levels in b/b rats appear to be unre- 
lated to increased production, an idea supported by the fact that 
hepatic lipogenic gene expression is not affected. Instead, all 
of the evidence points to a block in TG uptake, which can be 
explained by the fact that serum lipoprotein lipase (LPL) activity 
is significantly reduced in b/b rats compared to +/b age-matched 
controls (Kim etal, 2013). LPL is the key enzyme responsi- 
ble for release of TG lipids for uptake after VLDL binds to its 
receptor. The fact that VLDL receptor levels in muscle [and low- 
density lipoprotein (LDL) receptor levels in liver] are similar in 
b/b and +/b rats supports the idea that LPL inhibition accounts 
for hypertriglyceridemia. The unusual iron-loading anemia of 
the Belgrade rat suggested an interaction with high serum iron. 
Indeed, serum LPL activity is also reduced in rats with dietary 
iron loading, confirming the fact that increased serum iron is 
associated with decreased LPL activity. Based on these data, our 
laboratory studied how iron alters serum LPL ex vivo or recom- 
binant LPL in vitro, finding that exogenously added iron inhibits 
this enzyme in a dose-dependent manner. These independent lines 
of evidence suggests that elevated serum iron levels of b/b rats 
promote reduced TG clearance due to LPL inhibition, resulting 
in higher levels of serum TG. Although the molecular basis for 
iron-mediated regulation of LPL activity is not clear, oxidative 
modification of the enzyme, its substrate, and/or reaction prod- 
ucts could interfere with lipolysis (Kim etal, 2013). Clinically, 



reduction of iron loading in patients by phlebotomy (Casanova- 
Esteban etal., 2011), chelation (Cutler, 1989) and diet (Cooksey 
etal., 2010) can help to improve lipid disorders. We also found 
that reducing serum iron in Belgrade rats by treatment with the 
uptake inhibitor ferristatin II improved their TG levels, suggest- 
ing pharmacological interventions could be helpful (Kim etal., 
2013). 

GLUCOSE METABOLISM 

Despite their hyperferremia, Belgrade rats display normal insulin 
and glucose tolerance (fia etal, 2013). Comparable levels of 
insulin-induced Akt phosphorylation in b/b and +/b rats suggests 
that downstream insulin signaling is also unaffected. Moreover, 
insulin secretory capacity of the pancreas showed no significant 
differences between b/b and +/b rats, although pancreatic non- 
heme iron levels were > 5-fold higher in Belgrade rats. Histological 
evaluation suggests an absence of tissue damage despite the known 
association between high serum iron and tissue damage (Inoue 
etal., 1997). The sum of these data support that loss of DMTl 
protects pancreatic P-cells and helps to maintain insulin sensitiv- 
ity despite iron overload (Jia etal., 2013). These results correlate 
very well with studies of the P-cell specific Dmtl knockout mouse, 
which is resistant to diabetes (Hansen et al., 2012). 

An unusual characteristic of Belgrade rats is that they consume 
more food that heterozygous littermates but display lower body 
weight, suggesting an apparent imbalance in energy metabolism 
(Ferguson etal, 2003; Jia etal., 2013). That unexpected pheno- 
type has been associated, at least in part, with increased urinary 
glucose excretion. Since the kidneys play an important role in 
glucose homeostasis through tubular reabsorption, the glyco- 
suria observed could be explained by the abnormalities reported 
in kidney histology and physiology discussed above (Jia etal., 
2013; Veuthey etal., 2013). Collectively, these surprising findings 
reveal that lack of DMTl function could have an unexpected and 
significant role in energy balance. 

TRANSPORT OF OTHER METALS 

As its name implies, DMTl not only services iron and manganese 
metabolism, but it is also involved in uptake of other metals. 
Knopfel etal. (2005b) isolated brush border membrane (BBM) 
vesicles to study nickel transport in Belgrade rats. This group 
measured active nickel transport in BBM vesicles from +/b rats 
but not b/b rats. This result implies that the Belgrade mutation 
disables the transport capacity for this metal. The potential role 
of DMTl in copper transport also has been evaluated using the 
same approach. When unenergized vesicles were utilized, trans- 
port of copper was disrupted in BBM vesicles isolated from b/b 
rats, while +/b vesicles showed normal copper transport (Knopfel 
et al., 2005a). Interestingly, when ATP-loaded or energized vesicles 
were studied, transport characteristics for this metal appeared to 
be identical in b/b and +/b rats. It was suggested that ATP-driven 
copper uptake is a principal copper transport mechanism, while 
DMTl might act under conditions of copper excess. Since Bel- 
grade rats are not copper deficient despite DMTl mutation and 
iron deficiency, this evidence agrees with previous reports suggest- 
ing the existence of several copper transporters other than DMTl 
in the intestinal BBM (Knopfel etal, 2005a). 
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However, the influence of copper in iron metabolism, and 
reciprocally, the influence of iron status on copper metabolism, 
presents an interesting and compelling relationship (Yokoi et al., 
1991; Ece etal., 1997). Induction of the duodenal Menkes copper 
ATPase (Atp7a) and metallothionein (Mtla) have been described 
in iron-deficient rats, together with high serum and hepatic copper 
levels and increased ceruloplasmin (Collins et al., 2005). Whether 
or not DMTl could contribute to copper uptake remains contro- 
versial, with evidence for (Arredondo etal., 2003; Espinoza etal., 
2012) and against (lUing etal, 2012; Shawki etal, 2012). More- 
over, the valency of copper as a potential transport substrate (Cu+ 
versus Cu^+) must be considered. Jiang etal. (2013) addressed 
some of these questions using the Belgrade rat model by com- 
paring b/b rats with diet-matched +/b and anemic +/b littermate 
controls (Figure 5, for example). Previous work by this group 
showed Belgrade rats did not display the expected changes in 
hepatic or serum copper upon iron deficiency, suggesting DMTl 
might play a role in these processes (Jiang et al., 201 1). To test this 
more directly, an everted gut sac transport assay was used to assess 
Cu+ transport. Increased uptake in iron-deficient +/b control rats 
was observed while b/b and diet-matched +/b controls had similar 
levels of uptake. Thus, DMTl could play a role in copper uptake 
under iron-deficiency conditions. 

Interestingly, DMTl demonstrates a stronger selectivity for 
Cd^^ than Fe^^ or other more physiologically relevant metals 
(lUing etal., 2012). This toxic metal is absorbed by the intestine 
and other tissues and can exert nephrotoxicity. The notion that 
DMTl might play a role in Cd distribution and uptake remains to 
be tested - and the Belgrade rat may provide an excellent model 
system to explore this possibility. 

CONCLUSION 

Although murine models are perhaps more often used to study 
mammalian metabolism, rat models have provided critical infor- 
mation about obesity (Zucker fatty rat), diabetes (Wistar fatty 
rat; Otsuka Long-Evans Tokushima fatty rats; Goto-Kakizaki rat); 
hypertension (Spontaneously hypertensive rat; Dahl salt-sensitive 
rat), copper metabolism (Long-Evans cinnamon rat), and renal 
metabolism (ZSF 1 rat) . We have outlined multiple examples where 
the Belgrade rat, as a model of iron deficiency, has been use- 
ful in characterizing not only the role of DMTl in transport 
of this metal, but also its contribution to pathologies of inter- 
mediary metabolism, its protective role in detoxification of the 
lungs, its participation in neurotoxicity of airborne metal uptake 
by the olfactory pathway, in the development of the kidneys, 
in promoting altered renal function, in brain iron metabolism 
and in hepatic iron handling. While the Belgrade rat is the first 
known rat model of inherited anemia, recently Bartnikas etal. 
(2013) described a rat model of hereditary hemochromatosis. 
This group suggests that rats homozygous for a novel Ala679Gly 
allele of the TfR2 gene spontaneously load iron, thus recapit- 
ulating the human disease. Although many murine models of 
hemochromatosis exist, none exhibit fibrosis of the liver, a debil- 
itating aspect in human patients with this disease. This opens 
the exciting possibility to explore new metabolic features associ- 
ated with inherited iron overload with the potential to explore 
therapeutic avenues that wiU ameliorate the disease. Moreover, 



as genetic manipulation of the rat becomes more routinely avail- 
able, future models may contribute a better understanding of the 
genes of iron metabolism - in both iron deficiency and over- 
load - and their contributions to mammalian physiology and 
pathology. 

ACKNOWLEDGMENTS 

We gratefully acknowledge the support and generous time and 
effort of lab members who contributed to our work on the Bel- 
grade rat, including Khristy Thompson, Elizabeth Heilig, Jonghan 
Kim, Dorathy Vargas, and Xuming Jia. The Belgrade rats estab- 
lishing our colony were kindly provided by Drs. Michael and 
Laura Garrick, who have shepherded the field and maintained 
this unusual animal model for so many years. We thank them for 
their helpful advice and guidance. Marianne Wessling-Resnick is 
supported by the NIEHS and NIDDK of the National Institutes of 
Health under awards R01ES014638 and R01DK064750. 

REFERENCES 

Abboud, S., and Haile, D. J. (2000). A novel mammalian iron-regulated protein 
involved in intracellular iron metabolism. /. Biol. Chem. 275, 19906-19912. doi: 
10.1074/jbc.M000713200 

Al-Awqati, Q., and Preisig, P. A. (1999). Size does matter: will knockout of 
p21(WAFl/CIPl) save the kidney by limiting compensatory renal growth? Proc. 
Natl. Acad. Sci. U.S.A. 96, 10551-10553. doi: 10.1073/pnas.96.19.10551 

Andrews, N. C. (2000). Iron homeostasis: insights from genetics and animal models. 
Nat Rev. Genet. 1,208-217. doi: 10.1038/35042073 

Arredondo, M., Munoz, R, Mura, C. V., and Nunez, M. T. (2003). DMTl, a physio- 
logically relevant apical Cul-|- transporter of intestinal cells. Am. J. Physiol. Cell 
Physiol. 284, C1525-C1530. doi: 10.1152/ajpcell.00480.2002 

Bartnikas, T. B., Wildt, S. J., Wineinger, A. E., Schmitz-Abe, K., Markianos, K., 
Cooper, D. M., etal. (2013). A novel rat model of hereditary hemochromatosis 
due to a mutation in transferrin receptor 2. Comp. Med. 63, 143-155. 

Beaumont, C, Delaunay, J., Hetet, G., Grandchamp, B., De Montalembert, M., 
and Tchernia, G. (2006). Two new human DMTl gene mutations in a patient 
with microcytic anemia, low ferritinemia, and liver iron overload. Blood 107, 
4168-4170. doi: 10.1182/blood-2005-10-4269 

Biljanovic-Paunovic, L., Stojanovic, N., Mostarica-Stojkovic, M., Ramie, Z., 
Ivanovic, Z., Basara, N., etal. (1992). Hematopoietic growth factors in anemia of 
Belgrade laboratory (b/b) rats. Exp. Hematol. 20, 1257-1262. 

Bowen, B. J., and Morgan, E. H. (1987). Anemia of the Belgrade rat: evidence for 
defective membrane transport of iron. Blood 70, 38-44. 

Brain, J. D., Heilig, E., Donaghey, T. C, Knutson, M. D., Wessling-Resnick, M., and 
Molina, R. M. (2006). Effects of iron status on transpulmonary transport and 
tissue distribution of Mn and Fe. Am. J. Respir. CellMol. Biol. 34, 330-337. doi: 
10.1165/rcmb.2005-0101OC 

Brenner, B. M., Lawler, E. V., and Mackenzie, H. S. (1996). The hyperfiltra- 
tion theory: a paradigm shift in nephrology. Kidney Int. 49, 1774-1777. doi: 
10. 1038/ki. 1996.265 

Burdo, J. R., Martin, J., Menzies, S. L., Dolan, K. G., Romano, M. A., Fletcher, R. 

J., etal. (1999). Cellular distribution of iron in the brain of the Belgrade rat. 

Neuroscience 93, 1189-1196. doi: 10.1016/50306-4522(99)00207-9 
Canonne-Hergaux, F.,and Gros,P. (2002). Expression of the iron transporter DMTl 

in kidney from normal and anemic mk mice. Kidney Int. 62, 147-156. doi: 

10.1046/j.l523-1755.2002.00405.x 
Canonne-Hergaux, E, Gruenheid, S., Ponka, P., and Gros, P. (1999). Cellular and 

subcellular localization of the Nramp2 iron transporter in the intestinal brush 

border and regulation by dietary iron. Blood 93, 4406-4417. 
Casanova-Esteban, P., Guiral, N., Andres, E., Gonzalvo, C, Mateo-Gallego, 

R., Giraldo, P., etal. (2011). Effect of phlebotomy on lipid metabolism 

in subjects with hereditary hemochromatosis. Metabolism 60, 830-834. doi: 

10.1016/j.metabol.2010.07.035 
Chu, M. L., Garrick, L. M., and Garrick, M. D. (1978). Deficiency of globin mes- 
senger RNA in reticulocytes of the Belgrade rat. Biochemistry 17, 5128-5133. doi: 

10.1021/bi00617a009 



Frontiers in Pharmacology | Drug Metabolism andlransport 



April 2014 1 Volume 5 | Article 82 | 10 



Veuthey and Wessling-Resiiick 



Tlie Belgrade rat 



Chua, A. C, and Morgan, E. H. (1997). Manganese metabolism is impaired 
in the Belgrade laboratory rat. /. Comp. Physiol. B 167, 361-369. doi: 
10.1007/S003600050085 

Chua, A. C, Stonell, L. M., Savigni, D. L., and Morgan, E. H. (1996). Mechanisms 
of manganese transport in rabbit erythroid cells. /. Physiol 493(Pt 1), 99-112. 

Collins, 1. E, Franck, C. A., Kowdley K. V., and Ghishan, E K. (2005). Identification 
of differentially expressed genes in response to dietary iron deprivation in rat 
duodenum. Am. }. Physiol Gastrointest. Liver Physiol 288, G964— G971. doi: 
10.1152/ajpgi.00489.2004 

Conrad, M. E., Umbreit, ). N., Moore, E. G., Hainsworth, L. N., Porubcin, M., 
Simovich, M. etal. (2000). Separate pathways for cellular uptake of ferric and 
ferrous iron. Am. J. Physiol Gastrointest. Liver Physiol 279, G767-G774. 

Cooksey, R. C, Jones, D., Gabrielsen, S., Huang, J., Simcox, J. A., Luo, B., et al. (2010). 
Dietary iron restriction or iron chelation protects from diabetes and loss of beta- 
cell function in the obese (ob/ob lep— /— ) mouse. Am. J. Physiol Endocrinol 
Metab. 298, E1236-E1243. doi: 10.1152/ajpendo.00022.2010 

Crossgrove, J. S., and Yokel, R. A. (2004). Manganese distribution across the 
blood-brain barrier III. The divalent metal transporter-1 is not the major mech- 
anism mediating brain manganese uptake. Neurotoxicology 25, 451—460. doi: 
10.1016/j.neuro.2003.10.005 

Cutler, R (1989). Deferoxamine therapy in high-ferritin diabetes. Diabetes Metab. 
Res. Rev. 38, 1207-1210. doi: 10.2337/diab.38.10.1207 

Dautry-Varsat, A., Ciechanover, A., and Lodisli, H. E (1983). pH and the recycling 
of transferrin during receptor-mediated endocytosis. Proc. Natl Aead. Sci. U.S.A. 
80, 2258-2262. doi: 10.1073/pnas.80.8.2258 

Donovan, A., Brownlie, A., Zhou, Y., Shepard, J., Pratt, S. J., Moynihan, J., 
etal. (2000). Positional cloning of zebrafish ferroportinl identifies a conserved 
vertebrate iron exporter. Nature 403, 776-781. doi: 10.1038/35001596 

Drake, K. A., Sauerbry M. I., Blohowiak, S. E., Repyak, K. S., and Kling, R J. 
(2009). Iron deficiency and renal development in the newborn rat. Pediatr. Res. 
66, 619-624. doi: 10.1203/PDR.0b013e3181be79c2 

Ece, A., Uyanik, B. S., Iscan, A., Ertan, R, and Yigitoglu, M. R. (1997). Increased 
serum copper and decreased serum zinc levels in children vrith iron deficiency 
anemia. Biol Trace Elem. Res. 59, 31-39. doi: 10.1007/BF02783227 

Eddy, A. A. (1994). Experimental insights into the tubulointerstitial disease 
accompanying primary glomerular lesions. /. Am. Soc. Nephrol 5, 1273-1287. 

Edwards, J. A., Garrick, L. M., and Hoke, J. E. (1978). Defective iron uptake and 
globin synthesis by erythroid cells in the anemia of the Belgrade laboratory rat. 
Blood 51, 347-357. 

Espinoza, A., Le Blanc, S., Olivares, M., Pizarro, R, Ruz, M., and Arredondo, M. 
(2012). Iron, copper, and zinc transport: inhibition of divalent metal transporter 
1 (DMTl) and human copper transporter 1 (hCTRl) byshRNA. Biol Trace Elem. 
Res. 146, 281-286. doi: 10.1007/sl2011-011-9243-2 

Farcich, E. A., and Morgan, E. H. (1992a). Diminished iron acquisition by cells and 
tissues of Belgrade laboratory rats. Am. J. Physiol 262, R220-R224. 

Farcich, E. A., and Morgan, E. H. (1992b). Uptake of transferrin-bound and 
nontransferrin-bound iron by reticulocytes from the Belgrade laboratory rat: 
comparison with Wistar rat transferrin and reticulocytes. Am. J. Hematol 39, 
9-14. doi: 10.1002/ajh.2830390104 

Ferguson, C. J., Wareing, M., Delannoy, M., Fenton, R., Mdarnon, S. J., Ashton, N., 
et al. (2003). Iron handling and gene expression of the divalent metal transporter, 
DMTl, in the kidney of the anemic Belgrade (b) rat. Kidney Int. 64, 1755-1764. 
doi: 10. 1046/j. 1523- 1755.2003.00274.x 

Ferguson, C. J., Wareing, M., Ward, D. T., Green, R., Smith, C. R, and Riccardi, D. 
(2001). Cellular localization of divalent metal transporter DMT-1 in rat kidney. 
Am. I Physiol Renal Physiol 280, F803-F814. 

Fleming, M. D., Romano, M. A., Su, M. A., Garrick, L. M., Garrick, M. D., and 
Andrews, N. C. (1998). Nramp2 is mutated in the anemic Belgrade (b) rat: 
evidence of a role for Nramp2 in endosomal iron transport. Proc. Natl Acad. Sci. 
U.S.A. 95, 1148-1153. doi: 10.1073/pnas.95.3.1148 

Fleming, M. D., Trenor, C. C. Ill, Su, M. A., Foernzler, D., Beier, D. R., Dietrich, W. E, 
etal. (1997). Microcytic anaemia mice have a mutation in Nramp2, a candidate 
iron transporter gene. Nat Genet. 16, 383-386. doi: 10.1038/ng0897-383 

Galy, B., Ferring-Appel, D., Becker, C, Gretz, N., Grone, H. J., Schumann, K., 
etal. (2013). Iron regulatory proteins control a mucosal block to intestinal iron 
absorption. Cell Rep. 3, 844-857. doi: 10.1016/j.celrep.2013.02.026 

Garrick, L. M., Dolan, K. G., Romano, M. A., and Garrick, M. D. (1999a). Non- 
transferrin-bound iron uptake in Belgrade and normal rat erythroid cells. /. Cell 



Physiol 178, 349-358. doi: 10.1002/(SICI)1097-4652(199903)178:3<349::AID- 
JCP9>3.0.CO;2-R 

Garrick, M. D., Scott, D., Kulju, D., Romano, M. A., Dolan, K. G., and Garrick, L. M. 
(1999b). Evidence for and consequences of chronic heme deficiency in Belgrade 
rat reticulocytes. Biochim. Biophys. Acta 1449, 125-136. doi: 10.1016/S0167- 
4889(99)00006-3 

Garrick, L. M., Gniecko, K., Liu, Y., Cohan, D. S., Grasso, J. A., and Garrick, M. D. 

(1993a). Iron distribution in Belgrade rat reticulocytes after inhibition of heme 

synthesis with succinylacetone. Blood 81, 3414-3421. 
Garrick, M. D., Gniecko, K., Liu, Y, Cohan, D. S., and Garrick, L. M. (1993b). 

Transferrin and the transferrin cycle in Belgrade rat reticulocytes. /. Biol Chem. 

268, 14867-14874. 

Garrick, M., Scott, D., Walpole, S., Finkelstein, E., Whitbred, J., Chopra, S., et al. 

(1997). Iron supplementation moderates but does not cure the Belgrade anemia. 

Biometals 10, 65-76. doi: 10.1023/A:1018370804882 
Garrick, M. D., and Dolan, K. G. (2002). An expression system for a transporter of 

iron and other metals. Methods Mol Biol 196, 147-154. doi: 10.1385/1-59259- 

274-0:147 

Garrick, M. D., and Garrick, L. M. (2009) . Cellular iron transport. Biochim. Biophys. 
Acta 1790, 309-325. doi: 10.1016/i.bbagen.2009.03.018 

Ghio, A. J., Piantadosi, C. A., Wang, X, Dailey, L. A., Stonehuerner, J. D., Mad- 
den, M. C, etal. (2005). Divalent metal transporter-1 decreases metal-related 
injury in the lung. Am. J. Physiol Lung. Cell Mol Physiol 289, L460-L467. doi: 
10.1152/ajplung.00154.2005 

Ghio, A. J., Turi, J. L., Madden, M. C, Dailey L. A., Richards, J. D., Stonehuerner, J. G., 
etal. (2007). Lung injury after ozone exposure is iron dependent. Am. J. Physiol 
Lung. Cell Mol Physiol 292, L134-L143. doi: 10.1152/ajplung.00534.2005 

Gruenheid, S., Cellier, M., Vidal, S., and Gros, P. (1995). Identification and 
characterization of a second mouse Nramp gene. Genomics 25, 514—525. doi: 
10.1016/0888-7543(95)80053-0 

Gunshin, H., Allerson, C. R., Polycarpou-Schwarz, M., Rofts, A., Rogers, J. T., Kishi, 

E, etal. (2001). Iron-dependent regulation of the divalent metal ion transporter. 
FEES Lett. 509, 309-316. doi: 10.1016/50014-5793(01)03189-1 

Gunshin, H., Fujiwara, Y., Custodio, A. O., Direnzo, C, Robine, S., and Andrews, 
N. C. (2005). Slclla2 is required for intestinal iron absorption and erythro- 
poiesis but dispensable in placenta and liver. /. Clin. Invest. 115, 1258-1266. doi: 
10.1172/JCI24356 

Gimshin, H., Mackenzie, B., Berger, U. V., Gunshin, Y., Romero, M. F., Boron, W. 

F. , etal. (1997). Cloning and characterization of a mammalian proton-coupled 
metal-ion transporter. Nature 388, 482-488. doi: 10.1038/41343 

Hansen, J. B., Tonnesen, M. E, Madsen, A. N., Hagedorn, P. H., Friberg, J., Grunnet, 
L. G., et al. (2012). Divalent metal transporter 1 regulates iron-mediated ROS and 
pancreatic beta cell fate in response to cytokines. Cell Metab. 16, 449-461. doi: 
10.1016/j.cmet.2012.09.001 

Harrison, P. M., and Arosio, P. (1996). The ferritins: molecular properties, iron 
storage function and cellular regulation. Biochim. Biophys. Acta 1275, 161-203. 
doi: 10.1016/0005-2728(96)00022-9 

Hentze, M. W., Muckenthaler, M. U., and Andrews, N. C. (2004). Balancing 
acts: molecular control of mammalian iron metabolism. Cell 117, 285-297. doi: 
10.1016/50092-8674(04)00343-5 

Hubert, N., and Hentze, M. W. (2002). Previously uncharacterized isoforms of diva- 
lent metal transporter (DMT)-l: implications for regulation and cellular func- 
tion. Proc. Natl Acad. Sci. U.S.A 99, 12345-12350. doi: 10.1073/pnas.l92423399 

lUing, A. C, Shawki, A., Cimningham, C. L., and Mackenzie, B. (2012). Substrate 
profile and metal-ion selectivity of hiraian divalent metal-ion transporter-1. /. 
Biol Chem. 287, 30485-30496. doi: 10.1074/jbc.Ml 12.364208 

Inoue, Y., Nakanishi, K., Hiraga, T., Okubo, M., Murase, T., Kosaka, K., etal. 
( 1997). Recovery of pancreatic beta-cell fimction in hemochromatosis: combined 
treatment with recombinant human erythropoietin and phlebotomy. Am. ]. Med. 
Sci. 314,401^02. doi: 10.1097/00000441-199712000-00008 

Ivanovic, Z. ( 1997) . Hemopoietic stem cell proliferation in Belgrade rats: to complete 
the parable. Hematol Cell Ther. 39, 307-316. doi: 10.1007/s00282-997-0307-x 

Jerums, G., Panagiotopoulos, S., Tsalamandris, C, Allen, T. J., Gilbert, R. E., and 
Comper, W. D. (1997). Why is proteinuria such an important risk factor for 
progression in clinical trials? Kidney Int. Suppl 63, S87-S92. 

Jia, X., Kim, Veuthey, T., Lee, C. H., and Wessling-Resnick, M. (2013). Glucose 
Metabolism in the Belgrade rat, a model of iron-loading anemia. Am. J. Physiol 
Gastrointest. LiverPhysiol 304,G1095-G1102. doi: 10.1152/ajpgi.00453.2012 



www.frontiersin.org 



April 2014 I Volume 5 | Article 82 1 11 



Veuthey and Wessling-Resiiick 



Tlie Belgrade rat 



Jiang, L., Garrick, M. D., Garrick, L. M., Zhao, L., and Collins, J. F. (2013). Divalent 
metal transporter 1 (Dmtl) mediates copper transport in the duodenum of iron- 
deficient rats and when overexpressed in iron-deprived HEK-293 cells. /. Nutr. 
143, 1927-1933. doi: 10.3945/jn.ll3. 181867 

Jiang, L., Ranganathan, P., Lu, Y., Kim, C, and Collins, J. R (201 1). Exploration of 
the copper-related compensatory response in the Belgrade rat model of genetic 
iron deficiency. Am. J. Physiol. Gastrointest. Liver Physiol 301, G877-G886. doi: 
10.1152/ajpgi.00261.2011 

Kim, J., Jia, X., Buckett, P. D., Liu, S., Lee, C. H., and Wessling- 
Resnick, M. (2013). Iron loading impairs lipoprotein lipase activity and 
promotes hypertriglyceridemia. FASEB J. 27, 1657-1663. doi: 10.1096/1). 12- 
224386 

Kim, J., Li, Y., Buckett, P. D., Bohlke, M., Thompson, K. J„ Takahashi, M., 
etal. (2012). ton-responsive olfactory uptake of manganese improves motor 
function deficits associated with iron deficiency. PLoS ONE 7:e33533. doi: 
10.1371/journal.pone.0033533 

Kim, J., Molina, R. M., Donaghey, T. C, Buckett, P. D., Brain, J. D., and 
Wessling-Resnick, M. (2011). Influence of DMTl and iron status on inflamma- 
tory responses in the lung. Am. J. Physiol. Lung. Cell. Mol. Physiol. 300, L659-L665. 
doi: 10.1152/ajplung.00343.2010 

Knopfel, M., Smith, C, and Solioz, M. (2005a). ATP-driven copper transport across 
the intestinal brush border membrane. Biochem. Biophys. Res. Commun. 330, 
645-652. doi: 10.1016/j.bbrc.2005.03.023 

Knopfel, M., Zhao, L., and Garrick, M. D. (2005b). Transport of divalent transition- 
metal ions is lost in small-intestinal tissue of b/b Belgrade rats. Biochemistry 44, 
3454-3465. doi: 10.1021/bi048768+ 

Kozyraki, R., Fyfe, J., Verroust, P. J., Jacobsen, C, Dautry-Varsat, A., Gburek, J., et al. 
(2001). Megalin-dependent cubilin-mediated endocytosis is a major pathway for 
the apical uptake of transferrin in polarized epithelia. Proc. Natl. Acad. Sci. U.S.A. 
98, 12491-12496. doi: 10.1073/pnas.211291398 

Lam-Yuk-Tseung, S., Camaschella, C, lolascon. A., and Gros, P. (2006). A novel 
R416C mutation in human DMTl (SLC11A2) displays pleiotropic effects on 
function and causes microcytic anemia and hepatic iron overload. Blood Cells 
Mol. Dis. 36, 347-354. doi: 10.1016/j.bcmd.2006.01.011 

Lam-Yuk-Tseung, S., Govoni, G., Forbes, J., and Gros, P. (2003). Iron transport by 
Nramp2/DMT1: pH regulation of transport by 2 histidines in transmembrane 
domain 6. Blood 101, 3699-3707. doi: 10.1182/blood-2002-07-2108 

Lee, R L., Gelbart, T., West, C, Halloran, C, and Beutler, E. (1998). The human 
Nramp2 gene: characterization of the gene structure, alternative splicing, pro- 
moter region and polymorphisms. Blood Cells Mol. Dis. 24, 199-215. doi: 
10.1006/bcmd.l998.0186 

Lisle, S. J., Lewis, R. M., Retry, C. J., Ozanne, S. E., Hales, C. N., and Forhead, 
A. J. (2003). Effect of maternal iron restriction during pregnancy on renal mor- 
phology in the adult rat offspring. Br. J. Nutr. 90, 33-39. doi: 10.1079/BJN20 
03881 

Liuzzi, J. R, Aydemir, F, Nam, H., Knutson, M. D., and Cousins, R. J. (2006). Zipl4 
(Slc39al4) mediates non-transferrin-bound iron uptake into cells. Proc. Natl 
Acad. Sci. U.S.A. 103, 13612-13617. doi: 10.1073/pnas.0606424103 

Mackenzie, B., and Garrick, M. D. (2005). Iron Imports. II. Iron uptake at the 
apical membrane in the intestine. Am. ]. Physiol Gastrointest. Liver Physiol. 289, 
G981-G986. doi: 10.1152/a)pgi.00363.2005 

Mackenzie, B., and Hediger, M. A. (2004). SLCU family of H-F- coupled metal- 
ion transporters NRAMPl and DMTl. Pflugers Arch. Ail, 571-579. doi: 
10.I007/S00424-003-II4I-9 

Mastrogiannaki, M., Matak, P., Keith, B., Simon, M. C, Vaulont, S., and Peysson- 
naiuc, C. (2009). HIF-2alpha, but not HIF-lalpha, promotes iron absorption in 
mice. /. Clin. Invest 119, 1159-1166. doi: 10.1172/JCI38499 

McKie, A. T., Barrow, D., Latunde-Dada, G. O., Rolfs, A., Sager, G., Mudaly, E., 
etal.(2001).An iron-regulated ferric reductase associated with the absorption of 
dietary iron. Science 291, 1755-1759. doi: 10.1126/science.l057206 

McKie, A. T, Marciani, R, Rolfs, A., Brennan, K., Wehr, K., Barrow, D., et al. (2000). A 
novel duodenal iron-regulated transporter, IREGI, implicated in the basolateral 
transfer of iron to the circulation. Mol Cell 5, 299-309. doi: 10.1016/S1097- 
2765(00)80425-6 

Mims, M. P., Guan, Y, Pospisilova, D., Priwitzerova, M., Indrak, K., Ponka, P., et al. 
(2005) . Identification of a human mutation of DMT 1 in a patient with microcytic 
anemia and iron overload. Blood 105, 1337-1342. doi: 10.1182/blood-2004-07- 
2966 



Moos, T., and Morgan, E. H. (2004). The significance of the mutated divalent metal 

transporter (DMTl) on iron transport into the Belgrade rat brain. /. Neurochem. 

88, 233-245. doi: 10.1046/j.l471-4159.2003.02142.x 
Morgan, E. H. (1988). Membrane transport of non-transferrin-bound iron 

by reticulocytes. Biochim. Biophys. Acta 943, 428-439. doi: 10.1016/0005- 

2736(88)90374-4 

Morgan, E. H., and Oates, P. S. (2002). Mechanisms and regulation of intestinal iron 
absorption. Blood Cells Mol Dis. 29, 384-399. doi: 10.1006/bcmd.2002.0578 

Moulouel, B., Houamel, D., Delaby, C, Tchernitchko, D., Vaulont, S., Letteron, P., 
etal. (2013). Hepcidin regulates intrarenal iron handling at the distal nephron. 
Kidney Int 84, 756-766. doi: I0.1038/ki.2013.142 

Nam, H., Wang, C. Y., Zhang, L., Zhang, W, Hojyo, S., Fukada, T., etal. (2013). 
ZIP14 and DMTl in the liver, pancreas, and heart are differentially regulated by 
iron deficiency and overload: implications for tissue iron uptake in iron-related 
disorders. Haematologica 98, 1049-1057. doi: 10.3324/haematol.2012.072314 

Nguyen, N. B., Callaghan, K. D., Ghio, A. J., Haile, D. J., and Yang, R (2006). 
Hepcidin expression and iron transport in alveolar macrophages. Am. J. Physiol 
Lung Cell Mol Physiol 291, L417-L425. doi: 10.1152/ajplung.00484.2005 

Oates, P. S., and Morgan, E. H. (1996). Defective iron uptake by the duodenum of 
Belgrade rats fed diets of different iron contents. Am. }. Physiol 270, G826-G832. 

Oates, P. S., Thomas, C, Freitas, E., Callow, M. J., and Morgan, E. H. (2000). Gene 
expression of divalent metal transporter 1 and transferrin receptor in duodenum 
of Belgrade rats. Am. ]. Physiol Gastrointest Liver Physiol. 278, G930-G936. 

Ohgami, R. S., Campagna, D. R., Greer, E. L., Antiochos, B., Mcdonald, A., 
Chen, J., etal. (2005). Identification of a ferrireductase required for efficient 
transferrin-dependent iron uptake in erythroid cells. Nat. Genet. 37, 1264-1269. 
doi: 10.1038/ngl658 

Pantopoulos, K. (2004). Iron metabolism and the IRE/IRP regulatory system: an 

update. Ann. N. Y. Acad Sci. 1012, 1-13. doi: 10.1I96/annals.l306.001 
Papavasiliou, P. S., Miller, S. T, and Cotzias, G. C. (1966). Role of liver in regulating 

distribution and excretion of manganese. Am. ]. Physiol 211, 211-216. 
Pavlovic-Kentera, V„ Basara, N., BUjanovic-Paunovic, L., VasUjevska, M., and 

Rolovic, Z. (1989). Erythroid progenitors in anemic Belgrade laboratory (b/b) 

rats. Exp. HematoL 17, 812-815. 
Rolovic, Z., Basara, N., Stojanovic, N., Suvajdzic, N., and Pavlovic-Kentera, V. 

(1991). Abnormal megakaryocytopoiesis in the Belgrade laboratory rat. Blood 

77, 456-^60. 

Rossander-Hulten, L., Brune, M., Sandstrom, B., Lonnerdal, B., and Hallberg, L. 

(1991). Competitive inhibition of iron absorption by manganese and zinc in 

humans. Am. }. Clin. Nutr. 54, 152-156. 
Roth, J. A., and Garrick, M. D. (2003). Iron interactions and other biological 

reactions mediating the physiological and toxic actions of manganese. Biochem. 

Pharmacol 66, 1-13. doi: 10.1016/S0006-2952(03)00145-X 
Ruvin Kumara, V. M., and Wessling-Resnick, M. (2012). Olfactory ferric and ferrous 

iron absorption in iron-deficient rats. Am. J. Physiol Lung. Cell Mol. Physiol 302, 

L1280-L1286. doi: 10.1152/ajplung.00004.2012 
Satchell, S. C, and Tooke, J. E. (2008). What is the mechanism of microalbuminuria 

in diabetes: a role for the glomerular endothelium? Diabetologia 51, 714—725. doi: 

10.1007/S00125-008-0961-8 
Shah, Y. M., Matsubara, T, Ito, S., Yim, S. H., and Gonzalez, F J. (2009). Intestinal 

hypoxia- inducible transcription factors are essential for iron absorption following 

iron deficiency. CellMetab. 9, 152-164. doi: 10.1016/j.cmet.2008. 12.012 
Shawki, A., Knight, P. B., Maliken, B. D., Niespodzany, E. J., and Mackenzie, 

B. (2012). H(-|-)-coupled divalent metal-ion transporter- 1: functional proper- 
ties, physiological roles and therapeutics. Curr. Top. Membr. 70, 169-214. doi: 

10.1016/B978-0-12-394316-3.00005-3 
Shindo, M., Torimoto, Y., Saito, H., Motomura, W., Ikuta, K., Sato, K., et al. (2006). 

Functional role of DMTl in transferrin-independent iron uptake by human hep- 

atocyte and hepatocellular carcinoma cell, HLF. Hepatol Res. 35, 152-162. doi: 

10.1016/j.hepres.2006.03.011 
Sladic-Simic, D., Martinovitch, P. N., Zivkovic, N., Pavic, D., Martinovic, Kahn, 

M., etal. (1969). A thalassemia-like disorder in Belgrade laboratory rats. Ann. N. 

Y.Acad Sri. 165,93-99. doi: 10.1111/j. 1749-6632. 1969.tb27779.x 
Sladic-Simic, D., Zivkovic, N., Pavic, D., Marinkovic, D., Martinovic, J., and 

Martinovitch, P. N. (1966). Hereditary hypochromic microcytic anemia in the 

laboratory rat. Genetics 53, 1079-1089. 
Smith, C. P., and Thevenod, F. (2009). Iron transport and the kidney. Biochim. 

Biophys. Acta 1790, 724-730. doi: 10.1016/j.bbagen.2008.10.010 



Frontiers in Pharmacology | Drug Metabolism andlransport 



April 2014 I Volume 5 | Article 82 1 12 



Veuthey and Wessling-Resiiick 



Tlie Belgrade rat 



Stojanovic, N., Jovdc, G., Basara, N., and Pavlovic-Kentera, V. (1990). Granu- 
lopoiesis in anemic Belgrade laboratory (b/b) rats. Exp. Hematol. 18, 379-383. 

Su, M. A., Trenor, C. C., Fleming, J. C., Fleming, M. D., and Andrews, N. C. (1998). 
The G185R mutation disrupts function of the iron transporter Nramp2. Blood 

92,2157-2163. 

Thompson, K., Molina, R. M., Brain, J. D., and Wessling-Resnick, M. (2006). 

Belgrade rats display liver iron loading. /. Nutr. 136, 3010-3014. 
Thompson, K., Molina, R. M., Donaghey, T, Brain, J. D., and Wessling-Resnick, M. 

(2007a). Iron absorption by Belgrade rat pups during lactation. Am. J. Physiol. 

Gastrointest. Liver Physiol. 293, G640-G644. doi: 10.1152/ajpgi.00153.2007 
Thompson, K., Molina, R. M., Donaghey, T, Schwob, ). E., Brain, ). D., and 

Wessling-Resnick, M. (2007b). Olfactory uptake of manganese requires DMTl 

and is enhanced by anemia. PASEB J. 21, 223-230. doi: 10.1096/^.06-6710com 
Thomson, A. B., Olatunbosun, D., and Valverg, L. S. (1971). Interrelation of 

intestinal transport system for manganese and iron. /. Lab. Clin. Med. 78, 642-655. 
Touret, N., Martin-Orozco, N., Paroutis, P., Furuya, W., Lam-Yuk-Tseimg, S., Forbes, 

J., etal. (2004). Molecular and cellular mechanisms underlying iron transport 

deficiency in microcytic anemia. Blood 104, 1526-1533. doi: 10.1182/blood- 

2004-02-0731 

Tran, T. T., Chowanadisai, W., Loimerdal, B., Le, L., Parker, M., Chicz-Demet, 
A., etal. (2002). Effects of neonatal dietary manganese exposure on brain 
dopamine levels and neurocognitive functions. Neurotoxicology 23, 645-651. doi: 
10.1016/S0161-813X(02)00068-2 

Veuthey, T, D'Anna, M. C, and Roque, M. E. (2008). Role of the kid- 
ney in iron homeostasis: renal expression of prohepcidin, ferroportin, and 
DMTl in anemic mice. Am. ]. Physiol. Renal Physiol. 295, F1213-E1221. doi: 
10.1152/ajprenal.90216.2008 

Veuthey, T, Hoffman, D., Vaidya, V. S., and Wessling-Resnick, M. (2013). Impaired 
renal function and development in Belgrade rats. Am. J. Physiol. Renal Physiol. 
306, E333-F343. doi: 10.1152/ajprenal.00285.2013 

Vokurka, M., Krijt, )., Sulc, K., and Necas, E. (2006). Hepcidin mRNA levels in 
mouse liver respond to inhibition of erythropoiesis. Physiol Res. 55, 667-674. 

Wang, C. Y., and Knutson, M. D. (2013). Hepatocyte divalent metal-ion transporter- 
1 is dispensable for hepatic iron accumulation and non-transferrin-bound iron 
uptake in mice. Hepatology 58, 788-798. doi: 10.1002/hep.26401 

Wang, S. N., and Hirschberg, R. (2000) . Growth factor ultrafiltration in experimental 
diabetic nephropathy contributes to interstitial fibrosis. Am. J. Physiol. Renal 
Physio/. 278, F554-F560. 

Wang, X., Garrick, M. D., Yang, F., Dailey, L. A., Piantadosi, C. A., and Ghio, 
A. J. (2005). TNF, IFN-gamma, and endotoxin increase expression of DMTl in 
bronchial epithelial cells. Am. J. Physiol. Lung. Cell. Mol. Physiol. 289, L24— L33. 
doi: 10.n52/ajplung.00428.2003 

Wang, X., Ghio, A. J., Yang, E, Dolan, K. G., Garrick, M. D., and Pianta- 
dosi, C. A. (2002). Iron uptake and Nramp2/DMT1/DCT1 in human bronchial 
epitheUal cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 282, L987-L995. doi: 
10.1152/ajplung.00253.2001 



Wareing, M., Ferguson, C. J., Green, R., Riccardi, D., and Smith, C. P. (2000). In vivo 
characterization of renal iron transport in the anaesthetized rat. /. Physiol. 524(Pt 
2), 581-586. doi: 10.1 1 1 l/j.l469-7793.2000.00581.x 

Wessling-Resnick, M. (1999). Biochemistry of iron uptake. Crit. Rev. Biochem. Mol. 
Biol. 34,285-314. doi: 10.1080/10409239991209318 

Wessling-Resnick, M. (2000). Iron transport. Annu. Rev. Nutr. 20, 129-151. doi: 
10.1 146/annurev.nutr20. 1.129 

Wessling-Resnick, M. (2006). Iron imports. III. Transfer of iron from the mucosa 
into circulation. Am. J. Physiol. Gastrointest. Liver Physiol. 290, G1-G6. doi: 
10.1152/ajpgi.00415.2005 

Xu, H., lin, )., Defehce, L. Andrews, N. C., and Clapham, D. E. (2004). A spon- 
taneous, recurrent mutation in divalent metal transporter- 1 exposes a calcium 
entry pathway. PLoSBiol. 2:e50. doi: 10.1371/journal.pbio.0020050 

Yamada, M., Ohno, S., Okayasu, I., Okeda, R., Hatakeyama, S., Watanabe, H., etal. 
(1986). Chronic manganese poisoning: a neuropathological study with determi- 
nation of manganese distribution in the brain. Acta Neuropathol. 70, 273-278. 
doi: 10.1007/BF00686083 

Yeh, K. Y., Yeh, M., Polk, P., and Glass, J. (2011). Hypoxia-inducible factor-2alpha 
and iron absorptive gene expression in Belgrade rat intestine. Am. J. Physiol. 
Gastrointest. Liver Physiol. 301,G82-G90. doi: 10.1152/ajpgi.00538.2010 

Yeh, K. Y, Yeh, M., Watkins, J. A., Rodriguez-Paris, J., and Glass, J. (2000). Dietary 
iron induces rapid changes in rat intestinal divalent metal transporter expression. 
Am. J. Physiol Gastrointest Liver Physiol 279, G1070-G1079. 

Yokoi, K., Kimura, M., and Itokawa, Y. (1991). Effect of dietary iron deficiency 
on mineral levels in tissues of rats. Biol. Trace Elem. Res. 29, 257-265. doi: 
10.1007/BF03032682 

Zarjou, A., Bolisetty, S., Joseph, R., Traylor, A., Apostolov, E. O., Arosio, R, etal. 
(2013). Proximal tubule H-ferritin mediates iron trafficking in acute kidney 
injury. /. Oin. Invest. 123, 4423^434. doi: 10.1172/JCI67867 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 18 February 2014; paper pending published: 10 March 2014; accepted: 02 
April 2014; published online: 22 April 2014. 

Citation: Veuthey T and Wessling-Resnick M (2014) Pathophysiology of the Belgrade 
rat. Front. Pharmacol. 5:82. doi: 10.3389/fphar.2014.00082 

This article was submitted to Drug Metabolism and Transport, a section of the journal 
Frontiers in Pharmacology. 

Copyright © 2014 Veuthey and Wessling-Resnick. This is an open-access article dis- 
tributed under the terms of the Creative Commons Attribution License (CC BY). The 
use, distribution or reproduction in other forums is permitted, provided the original 
author( s)or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



www.frontiersin.org 



April 2014 I Volume 5 | Article 82 1 13 



